Flavones such as chrysin show structural similarities to androgens, the substrates of human aromatase, which converts androgens to estrogens. Aromatase is a key target in the treatment of hormone-dependent tumors, including breast cancer. Flavone-based aromatase inhibitors are of growing interest, and chrysin in particular provides a (natural) lead structure. This paper reports multicomponent synthesis as a means for facile modification of the chrysin core structure in order to add functional elements. A Mannich-type reaction was used to synthesize a range of mono-and disubstituted chrysin derivatives, some of which are more effective aromatase inhibitors than the benchmark compound, aminoglutethimide. Similarly, the reaction of chrysin with various isonitriles and acetylene dicarboxylates results in a new class of flavone derivatives, tricyclic pyrano-flavones which also inhibit human aromatase. Multicomponent reactions involving flavones therefore enable the synthesis of a variety of derivatives, some of which may be useful as anticancer agents.
Naturally occurring flavones from edible plants and berries have been studied for decades in the context of disease prevention and drug development. Compounds such as epicatechin, taxifolin, quercetin, chrysin and cyanidin exhibit a wide spectrum of biological activities ranging from antimicrobial and antioxidant properties to cancer chemoprevention ( Figure 1) [1, 2] . Recent studies have pointed towards specific anti-cancer activities of certain flavones and have fuelled the search for more active -and selective -flavonoid derivatives. Chulia and colleagues, for instance, have employed a Claisen-Schmidt condensation reaction to synthesize a set of structurally related flavones with a distinct aromatase inhibitory activity [3] . The activities observed were comparable to that of aminoglutethimide, a benchmark anticancer drug which inhibits aromatase and hence prevents the conversion of androgens to estrogens (estrogens are associated with progressive growth of estrogen-responsive tumor cells, e.g. in breast cancer).
From a chemist's perspective, the flavone scaffold of agents such as quercetin and chrysin lends itself to numerous chemical modifications, allowing the synthesis of a wide range of substituted flavonoids. To date, most of the derivatives differ with regard to specific side-chain modifications at the three ring systems (A-C) (see Figure  1 ). In contrast, modifications of the ring core structure are often more difficult to achieve. In order to generate a vast -and diverse -set of derivatives based on natural flavones, multicomponent reactions appear to be particularly promising: these reactions allow the introduction of two or more functionalities in one step. Here, we discuss the use of two distinct three-component reactions which allow the facile synthesis of a range of chrysin derivatives, some of which exhibit high aromatase inhibitory activity. These studies showcase two synthetic approaches which allow the modification of the flavone core ring structure, and present initial data on biological activity. Future studies may optimize the reaction conditions as well as the biological activity of such compounds.
The Mannich reaction can be employed to combine flavones with an aldehyde (1a-c) and a secondary amine (2a-c), resulting in mono-or disubstituted ring A alkylamine-derivatives [4] . This three-component Table 1 , with experimental details in the text and SD. reaction provided a range of chrysin derivatives (3a-d, 4, 5) as shown in Figure 2 . Interestingly, by using different aldehydes, amines and reaction conditions (Table 1) , this approach results in either C-6 or C-8 monosubstituted compounds, as well as in C-6 and C-8 disubstituted compounds.
The structures of the chrysin derivatives were deduced from their NMR spectra (see Supplementary data, SD). Compounds 3a-d showed comparable shifts for the flavonoid backbone in the proton and the carbon spectra, indicating the same substitution pattern. In comparison to chrysin [5] , the values of C-8 were significantly higher (3-9 ppm), which could be explained readily by the attached alkylamine side chain. The 2D-NMR analysis (HHCOSY, HSQC, HMBC and NOESY) provided further proof of structure, above all the NOESY correlation between H-1´´ of the alkylamine with H-2´/H-6´of ring B.
In contrast to its isomer 3d, compound 4 bears the side chain at C-6. This was obvious from the downfield shift of C-6 and the upfield shift of C-8 in the 13 C NMR, both by around 8 ppm. The NMR data of 5 revealed a 1:1 mixture of two diastereomeric disubstituted alkylamine-derivatives.
The Mannich approach has several important advantages: Firstly, the reaction allows the use of a wide variety of aldehyde and amine 'building blocks', including those containing nitrogen-and sulfur-bearing groups which may, for instance, be useful for modulating the lipophilicity of the molecule or to serve as additional binding sites for divalent metal cations. Secondly, there are no apparent modifications of the various hydroxyl groups often present in flavonoids and which are frequently key to their biological activity (e.g. as an antioxidant).
Overall, the flavone-centered Mannich reaction represents a powerful tool to generate diverse mono-and disubstituted flavones. While the focus of this reaction is on the introduction of novel side-chains, it might also be possible to use the hydroxyl group(s) present in ring A to anneal additional ring systems to build pyrano-flavone derivatives which may combine flavone (bio)chemistry with that of 4H-chromenes which are biologically active, for instance, as antimicrobial or anticancer agents [6] [7] [8] [9] .
The reaction between chrysin and various isonitriles (6a-f) and acetylene dicarboxylates (7a-c) is based on a threecomponent cyclization reaction. The latter in general involves a phenol, an isonitrile and an acetylene dicarboxylate. It has been employed recently by Yavari and colleagues to synthesize 4H-chromene derivatives from phenol and quinoline [10] . Like the Mannich reaction, this multi-component reaction can be carried out under mild conditions (e.g. in CH 2 Cl 2 at room temperature). The absence of any major side-products allows a straight-forward purification of the desired products. This three-component reaction has been employed successfully to synthesize 15 different tricyclic pyrano-flavones 8a-o (Figure 3 ). Table 2 , with experimental details in the text and SD. The structures of the pyrano-flavones were investigated using 1D-and 2D-NMR. The measured values (see SD) lead to the structures shown in Figure 3 . The 1 H and 13 C NMR data of the flavonoid backbone of 8a-o were very similar, indicating the same substitution pattern for the flavonoid portion of each compound. To determine the position of the pyrano-subunit, three compounds (8a, 8e and 8j) were analyzed by 2D NMR including HHCOSY, HSQC, HMBC and NOESY. In 8a, the singlets at δ H 6.76 and 6.56 ppm could be assigned unambiguously to H-3 and H-6 by their correlations in the HMBC (H-3 with C-2, C-4, C-1´ and C-10 and H-6 with C-5, C-7, C-8 and C-10). In the NOESY, H-2´and H-6´ of ring B showed correlations to H-3 in ring C and to H-4´´ of the pyranosubunit, which therefore must be adjacent to C-8 and not to C-6. Accordingly, a 7,8-annulation of the pyrano ring was evident. 2D-NMR analysis of 8e and 8j led to the same result. Table 3 gives the calculated lipophilicity of the chrysin derivatives as logP which varies from 2.25 (5) to 7.09 (8k), and in many cases differs considerably from that of chrysin itself (2.87). Considering that the lipophilicity of some natural flavonoids is unfavourable for drug design, a multi-component based modification may prove useful. Certain flavones, including chrysin, inhibit the human enzyme aromatase, and some of the Mannich reaction products, such as 3a and 3d show an extraordinarily high activity in the aromatase inhibition assay (Table 3 ) [11, 12] . Compound 3a, for instance, inhibits this enzyme with an This inhibition may be explained by the structural similarity between the normal aromatase substrates (androgens), and the flavones and pyrano-flavones as illustrated in Figure 1 . Possibly the substitutents introduced by the Mannich reaction increase the binding affinity to the aromatase active site, for instance by finetuning hydrophobic interactions or lipophilicity. The same may apply to the added D ring of the pyrano-flavones, even if the individual rings of the pyrano-flavone cannot be superimposed onto the androgen structure [13] .
In summary, the two multicomponent approaches described here enable the synthesis of a wide range of flavones via a 'mix and match' approach. The latter can be used to produce a library of molecules which may be evaluated for various biological activities, including anticancer and antimicrobial activity. Within this context, some of the 'first generation' compounds described here have already shown promising activity as aromatase inhibitors and against cultured HL-60 cancer cells (data not shown). Compounds such as 3a, 3d and 8n, 8o appear to be particularly active and require further, more in depth investigations regarding their biological activity and selectivity.
